Abstract: Grass pea (Lathyrus sativus L.), a legume crop in arid and semi-arid areas, is widely acknowledged as highly drought tolerant. We report here an analysis of grass pea and garden pea seedlings stressed with 20% polyethylene glycol 6000 (PEG) for five days. While leaf margins of grass pea curled inward after PEG stress, leaves of pea failed to display this trait. PEG inhibited the growth of grass pea less than that of pea. Hydrogen peroxide (H2O2) and malondialdehyde (MDA) accumulation increased in pea more than in grass pea. Greater accumulation of proline and soluble sugars alleviated osmotic stress injury to grass pea compared with pea. Moreover, PEG caused a significantly greater increase of superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX) and glutathione peroxidase (GPX) activities in grass pea compared to pea. These enzymes showed obvious up-regulation at the transcriptional level in grass pea leaves. Together, these data suggest that the accumulation of osmoprotectants and the improvement of oxidation resistance resulted in the higher drought tolerance of grass pea compared to pea.
Introduction
Among abiotic stresses, water deficit is one of the most important factors that not only affect plant growth and development but also limit productivity (Boyer 1982) . A better understanding of how drought alters plant physiology, biochemistry and gene regulation is vital for improving management practices and breeding efforts in agriculture (Chaves et al. 2003) . Plant tolerance to drought is a complex phenomenon that includes morphological, physio-biochemical, cellular and molecular responses that facilitate retention or acquisition of water under water deficit (Rampino et al. 2006) . Osmotic adjustment has been considered to be one of the most crucial processes in a plant's response to water levels (Morgan 1984) . Osmoprotectants including proline, soluble sugars, mannitol, trehalose, ononitol and glycine betaine can decrease the cell's osmotic potential under dehydration (Morgan 1984) . It is generally acknowledged that water deficit stress can increase the production in plants of reactive oxygen species [ROS; mainly superoxide anion (O − 2 ) and hydrogen peroxide (H 2 O 2 )] which then leads to oxidative stress, a serious imbalance between production of ROS and antioxidant defenses. The double-bonds of the unsaturated fatty acids in the cell membrane endure the most damage from ROS. Oxidative damage to polyunsaturated fatty acids creates the harmful secondary end product malondialdehyde (MDA), which can be measured as an index of general lipid peroxidation (Moskova et al. 2009 ). To scavenge ROS during stress, plants have evolved a highly efficient antioxidant defense system that includes both non-enzymatic and enzymatic constituents, such as ascorbate (ASC), reduced glutathione (GSH), ascorbate peroxidase (APX), glutathione peroxidase (GPX), superoxide dismutase (SOD), catalase 232 J. Jiang et al.
(CAT), and peroxidase (POD). Within the plant, the balance between ROS production and antioxidant defense determines the extent of oxidative damage (Moller et al. 2007 ). Many factors tilt this balance, including plant genotype and stress intensity and duration. The symptoms of drought stress, salinity or low temperature are mainly caused by osmotic stress and result from limited water absorption (Caruso et al. 2008) . Application of polyethylene glycol (PEG), a non-toxic and nonpenetrating, osmotically active polymer, is a successful laboratory simulation of drought stress (Kocheva et al. 2005; Landjeva et al. 2008) . In these laboratory tests, the osmotic potential of the medium can be easily controlled and much of the environmental noise associated with field experiments can be avoided (Kocheva et al. 2009 ).
Grass pea (Lathyrus sativus L.), a food and forage legume crop, is highly drought resistant and has been grown successfully in areas with an average annual precipitation of 380 mm to 650 mm (Campbell et al. 1994; Hanbury et al. 2000) . Under this level of extreme drought, grass pea is the only productive crop and becomes the only food for the poor in some rural or marginal areas (Vaz Patto et al. 2006) . Accordingly, grass pea is considered one of the most promising sources of starch and protein for the vast and expanding populations of drought-prone areas of Asia and Africa (Jiao et al. 2011a; Korus et al. 2008; Vaz Patto et al. 2006 ). More recently the nutritional and likely health benefit of grass pea for humans is also coming into light (Rao 2011; Singh et al. 2004 ). Grass pea not only has potential as an agriculturally important crop for animal feed and human food, it also can be useful for studies of plant drought resistance.
Compared to other legumes, grass pea has developed some morphological drought tolerance traits, including narrow leaves, stems with winged margins, and a deep and extensive root system. Basic research on the mechanisms of drought resistance by grass pea is essential to understand how this plant combats water deficit stress. Therefore, one of grass pea's closest cultivated relatives, garden pea (Pisum sativum L.), was used as a control to determine the drought-tolerance of grass pea. Pea, a plant which is especially sensitive to drought stress compared to other legumes, is a wellsuited model plant for these studies (Schroeder et al. 1993) .
To ascertain the degree of drought tolerance in grass pea and the underlying mechanisms, basic morphological, physiological and molecular approaches were used to compare how 7-day-old seedlings of drought-tolerant grass pea and drought-sensitive garden pea respond to water deficit stress induced by PEG. Here, we report that grass pea indeed has a stronger water deficit tolerance than pea when subjected to intense osmotic stress caused by 20% PEG treatment for 5 days. Grass pea showed leaf rolling, had higher concentrations of osmotic protectants, and induced its antioxidant system, including a synergistic up-regulation in the expression of antioxidases. Furthermore, this study lays a foundation for further investigation into the molecular mechanisms underlying drought resistance in grass pea.
Material and methods
Plant materials, growth conditions and stress treatments Seeds of grass pea (Lathyrus sativus L. cv. LZ; Jiao et al. 2006) and pea (Pisum sativum L.) were bred at the Experimental Station of Lanzhou University in Lanzhou, Gansu Province (35 • 51 N, 104
• 07 S, altitude 1,620 m) and stored in our laboratory. Although grass pea and pea are closely related annual pulse crops and both belong to the Fabaceae family and the Vicieae tribe, they display different responses to drought stress: grass pea is highly drought resistant while pea is particularly sensitive to drought stress compared to other legumes. The seeds of both grass pea and pea were soaked in tap water for 12 hours and sown to moist vermiculite for 5 days. Twenty seedlings of grass pea or pea were transferred to each beaker, which contained 1 L of Hoagland's solution, which was renewed every 2 days. Plastic plates with 20 pores, containing tampons to fasten seedlings, covered the beaker and touched with the solution. The hydroponics solution was aerated to prevent anoxia in the solution. The plants were placed in a controlled environment chamber with a temperature of 25/18
• C (day/night), 80% relative humidity, 16/8 hours photoperiod (day/night) and 250 µmol m −2 s −1 photosynthetically active radiation supplied by cool-white fluorescent lamps (The Far East Electric Co., Shanghai, China). To compare water tolerance between grass pea and pea, different concentrations of PEG (w/v; 10%, 20%, 30% and 40% with the osmotic potentials of −0.27 Mpa, −0.53 Mpa, −0.80 Mpa, and −0.106 Mpa, respectively) were tried in a preliminary experiment (data not shown). Finally, a 20% PEG (−0.53 Mpa) treatment for 5 days was chosen and used in the present work since it results in significant differences in the morphological traits between the two species. After complete extension of the third leaf, the 7-day-old seedlings of grass pea and pea were either treated with 20% PEG in Hoagland's solution or kept in Hoagland's solution as control. After treatment for 5 days, all grass pea and pea seedlings were sampled.
Growth analysis
At least 3 pots of seedlings (20/pot) were collected to assay growth parameters, including plant height, shoot weight, root weight and leaf area. The second leaves from the top were selected to measure the opening of stomata by scanning electron microscopy (S-3400N; Hitachi, Tokyo, Japan). The leaf epidermis and stomata were observed and photographed under 15 kv. The diameter of the stomata was measured by Motic Images Advanced 3.2 (Notic China Group Co., Ltd., China) software at × 300 magnification.
Measurements of physiological parameters
Leaf samples from both control and stressed seedlings were collected, snap-frozen in liquid nitrogen and stored at −80
• C for physiological analysis. The production and histochemical detection of O − 2 and H2O2 were determined using the methods reported by Jiao et al. (2011b) . The content of MDA and proline were determined using the procedure described by Farooq et al. (2009) . Relative water content (RWC) of leaves was estimated as described by Turner (1981) . Total soluble sugars were measured by the phenol sulphuric method according to Dubois et al. (1956) . Each treatment and the corresponding controls for both grass pea and pea were carried out in triplicates with each repetition including at least 3 pots of seedlings per experiment.
Analysis of antioxidant enzyme activities
Total SOD activity was assayed by recording the rate of reduction of p-nitro blue tetrazolium chloride (NBT) at 560 nm following the method of Beauchamp and Fridovich (1971) . Total CAT activity was determined as described by Peng et al. (2009) using ammonium molybdate and following the reduction of H2O2 at 405 nm. The activity of POD was determined using the POD Reagent Kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). The APX activity, ascorbate content, and GPX activity were measured according to Mishra et al. (1993) , Arakawa et al. (1981) , and Huang & Wu (1999) , respectively. Each treatment and control sets were carried out in triplicates with each repetition including at least 3 pots of seedlings per experiment.
Fluorimetric determination of GSH content GSH content was determined using the fluorescence probe o-phthalaldehyde (OPA). Grass pea and pea leaves (0.5 g) frozen in liquid nitrogen were homogenized in 5 mL of 1.0 mM ice-cold ethylene diamine tetraacetic acid (EDTA) with a mortar and pestle. The homogenate was adjusted to a final concentration of 0.3 M EDTA with perchloric acid (HClO4). The mixture was centrifuged at 10,000 g for 15 min at 4
• C. The supernatant was adjusted to pH 7.0 with sodium hydroxide solution. A 0.25 mL aliquot of supernatant and 0.15 mL of 75 mM OPA were added to 5 mL of 0.05 M phosphate buffered saline (PBS) and then kept at room temperature for 20 min. The reaction solution was measured at the excitation and emission wavelengths of 347 nm and 425 nm by the 970-CRT fluorescence spectrophotometer (Cany Precision Instruments Co., Ltd., Shanghai, China). The level of GSH was estimated from a standard curve and calculated in nmol g −1 fwt.
Cloning of Mn-SOD, Cu/Zn-SOD, Fe-SOD, CAT and cytosolic APX genes Total RNA from both control and stressed grass pea and pea leaves was extracted using the RNA Simple Total RNA Kit (Tiangen Biotech Co., Beijing, China) according to the manufacturer's instructions and quantified spectrophotometrically. Synthesis of cDNA was conducted using M-MLV Reverse Transcription Kit (Promega Corporation, USA). The primers for cytosolic APX, CAT, Cu/Zn-SOD, Fe-SOD and Mn-SOD in grass pea were designed according to a conserved nucleic acid sequence determined through multiple sequence alignments of genes from Pisum sativum, Glycine max, Vigna unguiculata, Arabidopsis thaliana, Cucumis sativus and Capsicum annuum using DNAMAN V6 (LynnonBiosoft, USA) ( Table 1) .
The primers for cytosolic APX, CAT, Cu/Zn-SOD, Fe-SOD, Mn-SOD and actin II in pea were chosen according to Rodriguez-Serrano et al. (2006) and Barba-Espin et al. (2010) (Table 1) . PCR reactions were performed as follows: 1 µL cDNA diluted 10-fold was added to 0.20 mM dNTPs, 1.5 mM MgCl2, 1× PCR buffer, 1.25 U of Hot Master Taq polymerase (Eppendorf, Hamburg, Germany) and 0.4 µM each primer (Table 1) in a final volume of 25 µL. Reactions were carried out in a Master Cycler Gradient (Eppendorf, Germany). A first step of 4 min at 94 Semi-quantitative RT-PCR analysis PCR reactions were performed according to Table 1 . Amplification of Actin II cDNA from pea and grass pea were chosen as controls. Amplified PCR products were detected after electrophoresis in 1.0% agarose gels and staining with ethidium bromide. Cycle numbers for each RT-PCR were selected by testing each reaction from 24 to 34 cycles to get the optimized cycle number that showed in the middle value of the linear increase (Table 1) . Quantification of the bands was performed using a Gel Doc system (Bio-Rad, Hercules, CA, USA) coupled with a sensitive charge-coupled device (CCD) camera (Olympus, Japan). Band intensity was described as relative absorbance units, and the ratio between a specific cDNA and Actin II was calculated to normalize expression levels using Kodak 1D Image Analysis Software. The expression level of each gene was calculated after normalization by the following formula: Fold gene expression = (quantity of target gene/quantity of reference gene)/(quantity of target gene in control/quantity of reference gene in control).
Statistical analysis
The data were statistically tested by a one-way ANOVA followed by a Tukey's test. The analysis of the significance of difference for each parameter was performed on the basis of mean values and a level of significance at p ≤ 0.05. Statistical analysis was carried out by the software package SPSS 13.0 (SPPS Inc., Chicago, IL, USA). Each parameter was measured in at least three reiterations in both control and PEG treatment groups.
Results
Morphology and stomata responses to PEG stress in grass pea and pea The exposure of 7-day-old grass pea and pea seedlings to 20% PEG (−0.53 Mpa) for 5 days resulted in dramatic changes in morphological and stomatal traits. Significant growth inhibition was observed in both grass pea and pea plants treated by PEG for 5 days as judged by plant height, shoot fresh weight, root fresh weight and leaf area compared to controls (Fig. 1A, B) . PEG-induced osmotic stress caused the leaf margins to curl inward or even completely roll only in grass pea (Fig. 1C) but not in pea leaves (Fig. 1D) . The plant height and root weight were decreased by 30% in PEG-treated grass pea compared to those of control, and were decreased by 41% and 57%, respectively, in pea compared to controls ( Table 2) .
The shoot weight and leaf area in PEG-treated grass pea were also decreased by 30% compared to untreated controls, whereas they were more than 65% re- duced in PEG-treated pea compared to PEG-treated grass pea (Table 2) . Although these growth parameters showed decreases in both species under PEG treatment, the effects were less in grass pea.
Foliar water deficits caused by PEG stress induced stomatal closure in both grass pea and pea. The number of open stomata was reduced by 60% in grass pea and 70% in pea with PEG treatment compared with their respective untreated controls ( Fig. S1 and Table 2 ).
Accumulation of ROS and MDA in grass pea and pea in response to PEG To investigate the oxidative stress of grass pea and pea after PEG treatment, the accumulation of ROS (mainly O − 2 and H 2 O 2 ) and the content of MDA, a harmful secondary end product of oxidative damage, were measured. Histochemical staining showed that O − 2 and H 2 O 2 remarkably increased in both grass pea and pea leaves under treatment (Fig. S2) . Quite consistently, the data acquired by spectrophotometric measurement quantitatively confirmed the histochemical staining re- sults (Fig. 2) . The levels of O − 2 increased 2-fold in both grass pea and pea ( Fig. 2A) compared to their controls. There was an obvious difference in H 2 O 2 levels between grass pea and pea after PEG-treatment. In grass pea, H 2 O 2 increased 1.5-fold, while it increased 2-fold in pea (Fig. 2B) . The level of lipid peroxidation in the leaves of the two species as measured by the MDA content was 1.3 fold higher in grass pea and a 2 fold increase in pea compared to controls (Fig 2C) .
RWC, proline and total soluble sugar content in grass pea and pea under PEG stress To understand how PEG treatment affected water status of grass pea and pea, RWC was monitored in the leaves in both species. Both grass pea and pea seedlings showed a prominent decline in leaf RWC after PEG treatment. RWC in the leaves of grass pea decreased by 15%, while the leaf RWC of pea decreased by 34% (Fig. 3A) . To investigate osmoregulation changes in grass pea and pea under PEG stress, the total soluble sugars and proline were measured. Both osmoprotectants accumulated in the two species with the decline of RWC. The level of total soluble sugars increased over 2-fold in grass pea leaf and only 1.5-fold in pea compared to control (Fig. 3B) . The free proline level in untreated pea was higher than that of grass pea, but the proline content in the leaves of PEG-treated grass pea was 6-fold higher than that of untreated grass pea, which was much higher than the response seen in pea (3 fold, Fig. 3C )
Oxidative stress and ROS scavenging in response to PEG treatment in grass pea and pea To further elucidate the tolerance of oxidative stress and the capacity of ROS scavenging in grass pea and pea in response to PEG treatment, several antioxidant enzymes activities, including SOD, CAT, APX, GPX and POD, as well as the contents of ASC and GSH were measured. The levels of ASC and GSH did not substantially change in PEG-treated pea, but did significantly increase in PEG-treated grass pea compared to untreated control (Figs 4A, C). The activity of APX was elevated significantly in both pea (1.3-fold) and grass pea (2.2-fold; Fig. 4B ) after PEG treatment. Conversely, POD activity was reduced slightly in grass pea (21%) and more in pea (52%; Fig. 4F ). The activity of GPX showed no significant changes in pea leaves, whereas it was markedly increased in grass pea after PEG treatment (Fig. 4D) . Neither SOD nor CAT activities showed prominent changes in pea under PEG treatment; on the other hand, their activities were enhanced 2.3-fold and 1.5-fold in PEG-treated grass pea leaves, respectively (Figs 4E, G).
Transcript levels of Mn-SOD, Fe-SOD, Cu/Zn-SOD, CAT and cytosolic APX in response to PEG stress in grass pea and pea To further investigate the expression levels of several important antioxidant enzymes at the mRNA level in response to PEG treatment, we cloned and identified the Cu/Zn-SOD, Fe-SOD, Mn-SOD, CAT and cytosolic APX genes from both grass pea and pea leaves. The partial cDNA sequences of Cu/Zn-SOD, Fe-SOD, Mn-SOD, CAT and cytosolic APX from grass pea were analyzed in multiple sequence alignments with pea sequences. It was found that Cu/Zn-SOD, Fe-SOD, Mn-SOD, CAT and cytosolic APX genes shared 99%, 96%, 92%, 98 % and 95% mRNA homogeneity with pea, respectively.
The expression levels of these genes were analyzed by semi-quantitative RT-PCR. Cu/Zn-SOD showed a slight down-regulation in pea leaves but was upregulated 1.2-fold in grass pea leaves after PEG treatment. The Mn-SOD, CAT and cytosolic APX transcripts remained nearly unchanged in pea leaves after PEG treatment compared to untreated pea leaves (Fig. 5) .
On the contrary, Mn-SOD, CAT and cytosolic APX transcripts in PEG-treated grass pea leaves were up-regulated 4-, 2-and 2-fold over untreated control, respectively (Fig. 5) . Transcript levels of Fe-SOD in grass pea leaves with PEG stress were significantly downregulated compared to control. The Fe-SOD was hardly expressed at the transcript level in pea leaves with or without PEG treatment, suggesting that grass pea has a higher basal ROS scavenging capacity than pea.
Discussion
The present study establishes for the first time that grass pea compared to the common garden pea has better adaptation to drought stress. The results showed that treatment with 20% PEG (−0.53 Mpa) for 5 days caused not only strong osmotic stress but also significant decreases in shoot weight, plant height, root weight and leaf area in both grass pea and garden pea seedlings ( Fig. 1 and Table 2 ). However, grass pea showed smaller declines than pea, indicating that grass pea could maintain growth to a certain degree while growth of pea was severely arrested. Grass pea, unlike pea, also curled or rolled its leaves to diminish water loss through transpiration, which is likely an evolved adaptation. Leaf curling or rolling has been identified as one of the most familiar responses to water deficit stress in some plant species (Turgut & Kadioglu 1998) . Moderate leaf curling or rolling helps to improve photosynthetic efficiency, accelerates dry-matter accumulation, increases yield, reduces the solar radiation on leaves, and decreases leaf transpiration under drought stress (Lang et al. 2004) . It has been reported that leaf rolling increases drought tolerance in some crops, such as rice (Oryza sativa L.; Dingkuhn et al. 1999; Turgut & Kadioglu 1998; Zhang et al. 2009 ). Additionally, stomatal opening showed a remarkable decrease in both grass pea and pea, which serves to reduce the transpiration rate. Stomatal closure in response to water stress in pea has also been reported by Jackson et al. (1987) . Stomatal closure and leaf growth inhibition are the earliest responses to water deficit as the plant attempts to protect itself from extensive water loss (Chaves et al. 2003) . RWC correlates well with stress intensity (Turner 1981) and provides the earliest data about the response to water water deficit (Rampino et al. 2006) . In the present study, grass pea was able to maintain leaf RWC at Fig. 4 . Activity levels of GSH, GPX, CAT, SOD, ASC, APX and POD in grass pea and pea leaves after PEG treatment. The data represent the means ± SE from at least three repetitions. Different letters indicate statistically significant differences according to Tukey's test (P ≤ 0.05).
78% after 5 days of 20% PEG treatment, while the leaf RWC in pea decreased to 62%, suggesting that grass pea encountered a less severe water deficit than pea.
ROS are generated by the forced transfer of excess electrons produced during either photochemistry in chloroplasts (Edreva 2005) or respiration in the mitochondria (Navrot et al. 2007 ). In our study, O − 2 and H 2 O 2 significantly increased after PEG treatment in both species, but pea exhibited higher increases than grass pea. H 2 O 2 can damage membranes and result in peroxidation of membrane lipids. MDA is one of the end products of lipid peroxidation, and its level reflects the degree of membrane lipid peroxidation. The content of MDA increased about 1.3-fold in grass pea, while it was up 2.1-fold in pea compared with their respective untreated controls, suggesting that more serious oxidative stress occurred in pea compared with grass pea.
Osmoprotectants can decrease the cell's osmotic potential and play an important role during dehydration stress. However, many crops sensitive to abiotic stress lack the ability to synthesize these special compounds, such as proline, soluble sugars, mannitol, trehalose, ononitol and glycine betaine, that naturally accumulate in drought-tolerant organisms (Valliyodan & Nguyen 2006) . Proline accumulation has been correlated with stress tolerance, and its concentration has been shown to be generally higher in stress-tolerant plants (Ashraf & Foolad 2007) . The rate of proline increase was significantly higher under water stress in drought-tolerant cultivars of wheat (Nayyar & Walia 2003) , common bean and tepary bean (Turkan et al. 2005) . The proline content in the leaves of grass pea increased 6-fold after PEG treatment compared with untreated control, while in pea leaves proline increased only 3-fold. Accumulation of soluble sugars might decrease the leaf's osmotic potential, which would help maintain turgor pressure under water stress (Gebre et al. 1997 ). In addition, soluble sugars could serve as signals that not only sense and control photosynthetic activity but also sense and control the ROS balance (Couee et al. 2006) . Here, concentrations of total soluble sugars increased sharply in both PEG-treated pea and grass pea leaves compared to their respective controls, which was consistent with some plants under water stress such as maize (Zea mays L.; Nayer & Reza 2008) and wheat (Triticum aestivum L.; Al Hakimi et al. 1995) . However, the increase in total soluble sugars in grass pea leaves was higher than that in pea leaves after PEG treatment. Although either proline or soluble sugars accumulate in a wide range of species upon abiotic or biotic stresses, the accumulation of two osmoprotectants simultaneously and by large degrees has been infrequently observed in other species, suggesting that grass pea has a more powerful capacity of osmotic adjustment than other crops.
Among the enzymatic mechanisms of drought stress and oxidation tolerance, SOD plays an important role and catalyzes the dismutation of O − 2 into O 2 and H 2 O 2 , the first step in reactive oxygen species scavenging systems. It has been reported that SOD shows comparatively higher activities in species tolerant to various environmental stresses, such as Populus przewalskii, P. acutifolius, P. vulgaris, and Triticum aestivum L. (Bor et al. 2003; Khanna-Chopra & Selote 2007; Lei et al. 2006; Shalata et al. 2001; Turkan et al. 2005 ). In our study, the activity of SOD showed a significant increase in grass pea leaves upon PEG treatment, whereas there were no apparent changes in pea. Three isoforms of SOD, Cu/Zn-SOD, Mn-SOD and Fe-SOD, have metal cofactors at their active sites. Generally, Mn-SOD is mitochondrial, Fe-SOD is plastidic, and Cu/Zn-SOD is plastidic or cytosolic. The expression of the SOD genes, as determined by semi-quantitative RT-PCR, differed between grass pea and pea leaves in response to PEG. The Mn-and Cu/Zn-SOD genes showed a marked up-regulated in grass pea leaves after PEG treatment, while they were unchanged or down-regulated in PEGtreated pea.
The changes of CAT activity and expression were similar to SOD in grass pea and pea leaves after treatment. In addition to CAT, POD and peroxiredoxins, the enzymes APX, GPX, ASC and GSH are involved in the ASC-GSH cycle, a pathway that allows the scavenging of H 2 O 2. The activities of APX and GPX as well as the content of ASC and GSH were all sharply increased in grass pea leaves after PEG treatment relative to the control. However, none of the scavenging enzymes, except APX, showed significant changes in PEG-treated pea leaves, suggesting that grass pea might initiate the ASC-GSH cycle to better remove H 2 O 2 . Lei et al. (2006) reported that drought-tolerant Populus przewalskii showed a more efficient antioxidant system, with higher content of ASA and higher activity of APX, and had increased GPX activity under drought stress, although the content of GSH was not determined (Lei et al. 2006) . Turkan et al. (2005) also reported that APX activity in response to water deficit was higher in water-tolerant tepary bean (P. acutifolius) as compared to that in the sensitive cultivar. Consistent with the above results, the expression levels of cytosolic APX in PEG-treated grass pea leaves was up-regulated 2-fold, but was only slightly changed in pea leaves after PEG treatment compared to the control.
The enzyme POD is one of the major scavengers of H 2 O 2 in chloroplasts and is responsible for stiffening the cell wall in conjunction with lignin and suberin deposition (Pomar et al. 2002) . In addition, a negative correlation between POD activity and the redox state of ascorbate were ob-served in pea . In this study, POD activity also decreased in both grass pea and pea leaves under PEG treatment, although it was significantly lower in pea than in grass pea. The data indicate that the stronger expression of genes encoding antioxidant enzymes together with enhanced activities of these key enzymes afforded grass pea a mechanism to maintain low ROS levels and to reduce oxidative damage compared to the common garden pea.
In conclusion, water deficit caused by PEG treatment resulted in significantly decreased leaf RWC, increased stomatal closure, decreased growth, and oxidative stress resulting from excessive production of O 2 -and H 2 O 2 in both grass pea and pea. However, grass pea exhibited stronger defense responses compared with pea when subjected to PEG stress, including the rolling inward of leaf margins, the up-regulated expression of genes encoding antioxidant enzymes, an enhanced antioxidant defense system, and high content of two osmoprotectants, proline and soluble sugars. Therefore, the higher ability to adjust osmotic potential, the improved antioxidant enzyme activities as well as up-regulation of some antioxidant enzyme genes in grass pea led to higher water potential, lower ROS accumulation and diminished oxidative damage during water deficit. This study is the first to compare grass pea with the agronomically important garden pea in order to reveal the possible mechanisms that make this promising food and forage legume tolerant to extreme drought.
